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Ie INTRODE CTION 


Ae Statement of Problem 


Fundamental knowledce of the {interactions of neutrons 
and gamma radiation with matter is essential for an under- 
standing of meclear shielding. Since the purpose of any 
radiation shield is to protect personnel and equipment, the 
important neutron reactions in nuclear shieldinys are those 
which lead to a reduction of the neutron flux, The micro~- 
scopic nertron cross sections have been determined fcr the 
various olemonts (3), and it can be seen from these cross 
sections that the probability cf capturing a slow neutron is 
greator for most elements than is the probability of cap- 
turing a fast neutron, ‘ince neutrons are produced in the 
fission process at relatively high energies, they must be 
slowed down defore they can be removed from the system by 
being captured, amma rays are produced when a neutron is 





i by the nucleus of most olezents, It is the function 
of a radiation shield to slow down tho fast neutrons to 
thormal energies, to remove these thermal neutrons by the 
capture process, and to protect porsonnel and equipment from 
the gamma radiaticn of the source and the additicnal gama 


raciation which {fe producec by the neutron capture process, 
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Most shioclding studies have beer concerned with the large 
permanently located reactors, and concrete has been oxtensively 
used to fulfill the shielding requirements of these reactors, 

If muclear power plants are to be mobile, it is apparent 
that the present shielding ideas must be expanded and should 
include other concepts of shielding saterfals which could be 
used in the place of conereto to reduce both the size and the 
Weight of the racftation shield, When materials other then 
concrete are considered for use in radfation shields, the 
problem of the effects of their reometrical arrancezent 
within the shield becomes important, 

In this investi stion, an attempt was made to use 
materials which by themselves would have fulfilled only one 
of the functions of a radiation shield, The radium-beryllivm 
neutron souree which was used in this irvestigetion produced 
radiation aimilar to the radiation encountered in shielding a 
muclear reactor, The object of this investigatien was to 
cosmmare the relative effectiveness cf those materials fcr 
shieldines against thio tyne of radiation as a function of 
their ceometrical arransoment within the shiold, 

The practical results cf such a study will assist in 
determining the best typo cf ahleld construction, 
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Be Review of Literature 


The literature reviow did not disclose any previous 
investigations closely rolatod to the effects of the dersree 
of leminsation on the efficiency of radiation shielding, 

Many irvestisetions have been conducted in the fleld of 
raclation shiolding, but in most cases they have been mace 
to dotermine tho effects of tne ecmposition of the concrete 
and tho effects of varicusly shaped ducts through the shield, 


C. Descriotion of Experinent 


A eyele of shielcing material 1s defined in this report 
to be paraffin, cadmium, and lead, in this order, The paref- 
fin was used as the moderating material with the function of 
slowing the neutrons down to tnermal enersies, the purpose of 
the cadmium was to capture the thorsal neutrons, and the 
principal function of the lead was to sorve as a shield for 
both the gamea radiation of the poureo and the gama radia- 
tion produced by the neutron=-sameva roaction in the cadmiun, 
The shielding @watesialn used in this Iinvesticaticn consisted 
of ten }<in, sheets of paraffin, ten 0,00l-in, sheets of 
cadmium, and ten jein, sheets of loac, ince each confi sura- 
tion of the shield conteined the s@se ten pieces of coach type 
of material, the minimum number of cycles cof shielding 
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materials was one, while the maximum number was ten, In the 
one=-cyele shield, all ten sheets of paraffin were placed 
next to the source, then the ten sheeta of cadmaiwm foil, and 
then the ten shoets of lead, The ten-cycle configuration of 
the shield was made by using alternate single sheets of 
paraffin, cadmium, and lead, 

With all other variables held constant, the mamber of 
cycles cf shielding materials was varied from one to ten, and 
neasurenents were made of the slow neutron flux, the fast 
neutron flux, and the intensity cf tho gamma raciation for 
each configuration. ‘ince it was desired to have equal 
emounts of each type of material in every cycle of any one 
eonfisuration, there were cnly the one-cycle, two-cycle, 
fiveecyole, and ten-cycle configurations possible with ten 
pieces of each type of shielding matorial, No attecpt was 
made to determine the absolute value of the neutron flux er 
the absolute intensity cf the gamma radiation at the surface 
of tho shiold, since the counts per mimte and the roentzens 
per hour recorded stave direct indications cf the relative 
efficioncy cf the shields, 
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ITI. MATERIALS AND APPARATUS 


Aw Shielding Materials 


Pareffin was chosen for the moderating material for this 
investivation becavee of its avallability, low cost, ease of 
use in the formation cf the various confisurations of the 
shield, end its relatively high moderating ratio, The 
moderating ratio is one of the most imortant quantities, 
from the thooretical standpoint, in expressing the effective-~ 
ness of a moderator (2). Some approximate values cf this 
ratio, using thermal absorption cross soctions, were computed 
by the formula below and are listod in Tadle 1, 


d.§ 


Moderating Ratio = S (2) 


whe re: 
hs is the macroscopic scattoring cross section, 
» is the sacroecopic abserption cross section, 
in the average lovarithaic enersy decrement per 
collision, 
A is the atomic weight. 
= T 


The mean value of the average lozsarithmic ener sy 


(2) 


Table 1 
Moderating Ratio of Materials 








Material | : Moderating Ratio 
Vater 162.0 
Paraffin 131.0 
Beryl iua 160,0 
Carbon 169.0 


Lead 0.4 





decrement per collision & » which shculd be used in the above 
formula for neutrons slowing down in a system cof several 
mclear species, is defined by 


S _ B. > pam F 


— Aae — 
—_ — —— 


S > >. (2). 


The microscopic cross section, for the hydregen in water 
and in peareffin, used in the ealctletions cf the noderating 
ratios listed in Table 1, was tclen for the case where the 
atom is bound in a solecule with the thermal newtron enersy 





of 0,025 electron volts (2). 

The paraffin which was used in this investisation was 
the type which 18 normally used for noldinz candles, Ffince 
the exact molecular formula for this paraffin was not knewn, 
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it was assimed in the above calculations that it was the 
normal Cylo,,5 compound (1) with n equal to 26, This paraf- 
fin was purchased from a local concern in tenepound blocks 
which were approtimately 14 by 11 by 19 in, These blocks 
were cut to the desired dimensions (} by 8 dy 16 in.) by a 
band saw, Due to the difficulty experienced in trying to saw 
eight-inch widths, the paraffin was cut into pieces 4 by h by 
16 in, and these pleces were welded together by a hot fron 
to form the desired sheots, This method of cutting the 
paraffin save some variations in thickness, but it is 
belleved that this source cf error was eliminated by nusber- 
in; the sheota and arrangins them in the seme crder for each 
configuration of the shield, 
The cacmium -sed for noutron 





from the Division Lead Company, Chicago, Tllinois, in 0,001 
by 3 by 16 in, sheets, The conventional calculations indi- 
cated that ton of these sheets of cadmium foil would capture 
approximately 99 per cent cf the therzal neutrons, 
The lead was purchased from the National Lead Company, 

St. Louis, Missourl in ¢ by 3 by 15 in, sheets, Mo computa- 
tions were made to dotermine the thickness of lead required 
to reduce the garrma radiation to some desired level, and the 
thicknees of the lead was arbitrarily chcsen to be the same 


as the paraffin, 
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Be. Detecting Apparatus 


A standard nine-inch BO lined neutron counting tube 
with a preamplifier and a standerd scaling circuit (Mcures 1 
and 2) was used for the detection of neutrons, The preazpli- 
fier (Figure 3) was designed by the electronic shop of the 
Atomic Enersy Commission at Iowa State Collesce, but sone 
scaling circuits have built-in maplifiers which werk equally 
well, The operating characteristics of this equipment 
(Appendix A) were found to be satisfactory, but the narrow 
plateau (M sure ) required a regulated voltare supply for 
accurate results, 

A jJoneral Electric Madiation Monitor (Mgure 1) and a 
standard Jeiger-Muller tube were used for the detection of 


Soma radiation, ‘xperis@ents were perforszed (Apyendix B) to 





Getermine the operatin; characteristics of these detectors, 
and they wore found to be satisfactory. 


C. Source and Accessory Apparatus 


A racium-beryllium neutron source which contained 94.7 
mge Of radium wan used as the source of radiation. This 
source was left in its container with the lead plus removed 
from the access hole (Mercure 7) fer thia inveatication, 

A wooden platform was constructec to fit over the lead 
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Figure 1, Detecting Apparatus 
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Figure 2, Neutron Counting Circuit -- Block Diagram, 
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Figure 1. Plateau Curves for Blo Lined Neutron Counter, 
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Figure 5, Cross-Section of Neutron Counter in Holder, 
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ball of the source container to hold the shielding materials 
in a fixed position above the neutron seurce, 

A detector holder was constructed to position the B~° 
lined tube at tie same pesition for each ecnfiguration of 
shielding materials and to shield it fron neutrons that had 
been scattered around the shield, This shielding cf the de- 
tector fran scattered neutrons was accouplished by filling the 
holder with pareffin and placing caémium around the BY? 
lined counter tube (Fisure 5S) so that the only noutrons 
entering it would have to come directly from the source 
through the shielding materials, 
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III, PROCEDURE 


Picsure 6 is a photosraph cf the oxperimental arrange- 
ment, showing the neutron counter in ite holder, which was 
positioned over the shielding materials as shown in Misure 7, 
The counting time for the various configurations and arrange- 
monte (Figure 7) was varied to maintain a statistical 
accuracy of approximately one per cent, All of the neutron 
Cata were taken the sae cay to avoid any pessible error 
being induced due to chunres in the oporating eharacteristics 
of the equipment, The neutron source was maintained ina 
fixed location in the roo during the experizent to insure 
that the nevtron flux within the detector holder, resulting 
from neutrons being scattered around the shielding material 
by the walls and equipment in the room, did not change due to 
changes in the geometry of the scattering materials, 

Since the neutron source was enclosed in a seven-inch 
diameter lead sphere with a hole es shewn in Figure 7, 
removing the lead plug which normally fits in this hole pro- 
duced a semi-collimated bee: cf neutrons and semma rays, 

The shield was centered cover the hole, with the first 
sheet of shielding material even with the top of the load 
ball, With the shield in place, the detector holder was 
placed over the shield, and was positioned by wooden strips 
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Figure 7. Experimental Arrangements for Neutron Counting, 





which were attached to the source container, ‘The BY? 14n0d 
counter tube was fixed within the holder, and was mt moved 
during the entire investigation, The small space between the 
shield and the detector holder in arrangement 1 (Figure 7) 
was to make it possible to insert the 0,06-in, sheet cf 
cadmium between the shield and the dotector holder in 
ehanging from arranzement 1 to arrangement 2 without moving 
any portion of the experimental set-up, Although the repro- 
duction of date by removing and replacing the detector 
holder was zood (Appendix A), this method cf changin; 
arrangemonts save complete assurance that no orrors were ine 
duced by chanses in the geometry cf the set-up. In going 
from arrangement 2 to arransezont 3, the detector holder was 
rezoved and three inches of paraffin was place over the 
eacmium, The detectcr holder was ali¢nec in the hortzontal 
plane by t e wooden strips, and rested directly on the 
paraffin, 

By forming the particular corfiguration of the shield, 
and taking readin-s with arran,;sement 1, arransement 2, and 
arrangement 3 without chansing the shield confi puration, 
errors due to changes in the geometry of the set-up were 
reduced to a minizum, 

The Goneral Electric hadiation Monitor and the Jeiser-~ 
Muller tube were positioned over the shield by a wooden 
Crane, and since longs irraciation times wore necessary for 
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the Jeneral Electric Radiation Noniter, this frame was nailed 
in position to insure that there were no changes in the 
geasotry of the set-up during the easement, 

The counting rate with the Jol gertuller tube was ouffie 
ciently hivsh that ten=minute counts save the desired one per 
cent statietical accuracy, The investi sation using the 
Jeiger-MUller tube was porformed in one day with the back- 
ground observed after the neutron source was vromoved fron the 
room, Since no attempt wes made to isolate the JeigersMuller 
tube from the radiation scattered around the shield, the 
observed background was not the true valve, bit it is 
believed that the additional background due to scattered 
radiation was constant and that this did not induce any 
additio: errors in the results of this investi cation, 

The stema radiotion intensity at the surface cf the 
shield was found to be aporoxinately 0,4 mr/hr, O4nee the 
Jeneral Flectric Ratfiation Monitrr has a full seale deflec- 
tion of twenty milliroentgens, on irradiation time of 
approximately thirty hours was noecéssary to cive half-scale 
deflection, 
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IV, SSSULTS ASD DISCUSSION 


Ag Neutron Counts 


After obteinin;s the neutron courts listed in Table 2 by 
using the three arrangesents shown in FPizrure 7, it was 
possible to separate these counts into thcse due to fast 
neutrens and thoree due to slow neutrons. It can easily be 
shown that the probability cf a thermal neutron penetrating 
0,08 in, of cadmium is essentially rero, Sinee fn arrangement 
1 the neutron counts reoerdedc were from neutrons of all 
enersies and in arrancment 2 essontially all the neutrons 
with onersies below 0.2 ev. had beon removed by the cadniun, 
the difference batwoon these two count: was the counts cue to 
slow neutrons, which are defineé Sere to be neutrons with 
enersios less than 0.2 ev. 

Sinee the B!° 1ined counter 1s much less sensitive to 
fast neutrons thun it is to slow neutrons, arrangement 3 was 
used to slow down the fast neutrons which passed through the 
cadmium in crder to increase the counting rate for the fast 
neutrona., This hisher counting rete decreased the effects of 
the scattered noutrons which @ay have leaked through the cad- 
mium shield within the detector holder, Since the detector 


in arrangement 3 war at a treater distance from the source 
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than in the other two arrengesents, the neutron counts 
reccrded were corrected by the ratio of the sqares of the 
distances betweon the source and the cetector, This ratio 
was computec from tho distances shewn in Pigure 7, and its 
value was found to be 1.47. 

The above methods were used for the interpretation and 
correction cf the neutron counts in Table 2, and the counting 
rates for slow and fast nevtrons are listed in Table 3 and 
plotted in Mgures 8 and 9, It can be seen from these plots 
that the desree cf lamination of the shielding materials has 
a pronounced effect on the effictency cf a radiation shield, 
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Table 2 
Slow and Past Neutron Counts 

Cyoies of Slow Neutren ~ Past Neutron 
Counting Rete Counting Rate 
(Ry = Ro B15, 45,4 (1.u7 x R)* 
? 959.0 % 7.7 592.0 & 5,1 
2 502.3 © 5.0 515.0 * he3 
30769 = he2 h71s0 = bed 
10 27 % 306 Wh6.0 = hel 
ubseripte refer to the arrangements in Figure 7. 

o = — Nnotes 





The manner by which these curves approached the valve 
for the ten-oycle confisuration indicated that the desree of 
lamination of a radiation shield could be increased to a 
point at which a laminated shield would have the sae 
efficiency as a homogeneous mixture cf the shielding materials, 
From some tests performed (Appendix D) to check this indica- 
tion, it was found that there was fair azreement between the 
ten-cycle shield and the thecretical behavior of a homo- 
geneous shield (Figure 14). These results were sasewhat 
irregular, but it {is believed that this could have been 
caused by variations in the thickness cf the individual 
cycles and the variation in the distance between the shield 


and the detector as the cycles were added, 
Mzures § and 9 show a decrease in both the slow neutron 
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Figure 8, Slow Neutron Count, 
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Figure 9, Fast Neutron Count. 
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count anc the fast neutron cout for an increase in the 
manber of cycles of shielding materials, S3ince the sane 
munber of neutrons started through the shield in each con- 
figuration, oither more neutrons were lost by scattering 
through the edges of the shielc or the de sree cf lamination 
had an effect on tne moderating ability of the materials, 
Since the cifference in the losses cue to scattering through 
the edges of the shield for the different conficuretions was 
checked (Appendix C) and found to be msall in comperison to 
the observed decrease in slow neutrons (Pigure 6), it is 
believed that the ten-cycle confisuration hed a slishtly 
greater ability for slowing cown neutrons and consequently a 
greater ability for removing neutrons from the system than 
the one-cycle confirsuration, Fisure 10 shows the microscopic 
eross section curves for hydrogen, carbon, and lead which 
were taken from Roference 3, and these curves will be used to 
give an explanation for the experimentally observed cecrease 
in counte for an increase in the mmber cf cycles of 
shiolding materials, 

Although lead fe a poor moderator (Table 1) there is a 
finite probability of a nevtron undersoing a scatterin; collie 
sion in lead, In the one-cyele shield, the paraffin per- 
formed the moderation of the neutrons which were removed by 


the cadmium without the effects of the lead, “Same of the 
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neutrens which passed through the cacmium, experienced 
scattering collisions in the lead and were counted as slow 
neutrons, In the tem cycle confivzuration of the shield, any 
slow neutrons produced by the moderation ocecurring in the 
lead cowld be removed from the system, From the analysis of 
the curves in Figure 10, it is obvious that any modcoration 
oeeurring in the lead at any enersy lovel cannot adversely 
affoct the moderating ability of the paraffin, but if this 
moderation oceurs in the enersy range where the nmicronscopio 
cross section curves for hydérogen and carbon have neosative 
slopes it will improve thoir moderating ability. 

This inerease in the moderating ability of the peraffin 
in the ten-cycle configuration by the moderating effects cf 
the leac, and the slightly greater loeses due to acattering, 
explain the observed decrease in the fast neutron count, 
These effects, plus tho more efficient positioning of the 
cadmium, explain the observed decrease in the slow neutron 
count, 

The resulta of this invostigation (Mgures 8 and 9) 
indicate that the ten-cycle confirvration of these three 
shielding materials is more efficient for attenuating 
neutrons than the one-ecycle configuration, Before these 
results can be extended to include other shielding materials, 
the magnitude of the increase in the moderating ability of 
the paraffin by the offects of the lead, and the magnitude 
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of the increase in losses due to the neutron scattering 
through the edsea cf the shielcin; eateriala shoulc be ine 
vosticated and cammared to the over-all increase in effective- 
neas of the shielding materials, Tne maznitude cf the in- 
croase in moceratim; effectiveness is governed by the shape 
of the microscopic cross section curves cf the shielding 
materials, and the effects of losses cue to scattering can be 
reduced by the use of larser sheete of shielding materials, 


Be  Jasrma Counts 


The gamma counts as recorded by the Geiger=-Muller tube 
are listed in Table and plotted in Mgure 11, ‘The net 
eounting rate has been corroctod for the observed background 
count of 36,1 2 0,6, 

Table 
Jumma Counte by Jeiger<teGlor Tube 
feles of Counting = ~ ‘Ket Counting Rate (R,) 














Materials (Minutes) ee: ecrcen coat gay 
1 10 1132) 109%>.3 = 10.6 
2 10 10565 1020.7 * 10,3 
5 10 10260 989.9 4 10,2 


10 10 10256 989.5 > 10.2 
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Figure 11. Gamma Count, 
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Table 5 ie the guuma intensity as recorded by the 
Jeneral Electric Radiation Monitor, The probable error 
listed in this table !e the combined errcr cue to both the 
apmmed reading error and tie experimentally determined 
reproduction of data error of the instrument (Appendix B), 
The gamma count curve (Pisure 11) and the gemma intensity 
curve (Figure 12) both show a decrease as the derree of 
lamination is increased, 

In order to explain the behavior of the cama radiation 
as a function of the degroe of lemination of the shielding 
materials, the three methods by which seamma radiation reaets 
with matter will be reviowed, 

The photcelectric effect and pair production completely 
remove the gamma radiation from the system, while the 
Compton effect desrades ita energy, The curves for mass 
absorption coefficients versus gamma enerrsy, with and 
withovt the Compton effect, have been determined (6), These 
curves show a definite increase in the sacea absorption co- 
effielents with cecreasing enersies below apprexinetely 2 
Mev. for heavy elements much as lead and below approximately 
0.1 Mev, for light elements, 

Sinee the efficieney of the Ra-De neutron source for 
producing neutrons from tie available alphas le very asall, 
and since there are approxinately as many zemmas as there are 
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Table 5 
teama Intensity 


es of Irradiation 
Tine 








ding React Intensit Probabl 
Materials (Hours ) (ar) (ar/hr, ” — ¥ 
? 25220 967 0. 335 ~0.0016 
5 38.67 1329 0. 360 20,0039 
10 31.00 11.2 0, 362 =0.00h0 
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alphas in tho radiwm decay products (1), 1t is assumed that 
the contribution cf the ygeamas produced in the cadmium te the 
total intensity is small, 

A comparison will be made of the penetration of the one~ 
cyole and the ten-cycle configuration of the shield by a 2.8 
Mev, gamma ray. In the one~-cycle enield, tre entire effect 
cf the paraffin for ehieldin; agsinet gamea raciation of 
thie energy is small and the effective mass absorption co- 
efficient will have an avera;se value within this energy 
rence, In the ten-cyole confisuration cf the shield, the 
first 4 in, of lead will reduce the intensity of the games 
radiation to approximately one-half its original value, and 
successive layors will contime this reduction, Since this 
reduction of tama intensity cecurs in the enersy range where 
there is a finite probability of Carapton scattering, sce of 
the samma rays will undergo this effect and will be reduced 
in energy. If the arswantion in made that paraffin follows 
the same trend af carbon, alr, water, tissve, and oxysen (6), 
it 4s obvious that os the lead in the ten-cycle configuration 
desraces the carmes to ener cies below 0.1 “ev. the mass 
absorption coefficient for the photoeloctric effect in 
paraffin is greatly increased, ‘ince the effectiveness of 
pareffin for shioeldinr against samma radiation is very small 


in comparison to lead, it is logical to assume that the 5 in, 
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of paraffin in the one-cyole cornfisuration of the shield will 
have very little effect on cesrading the enerry of the 
gemas, anc consequoritly very little effect on the mazs 
absorption coefficient for lead, Since tho sa mitude cf the 
fnerease in the mass abromption cocfficient for the phote- 
elootric effect for paraffin in the ten-cyele conficuration 
is an appreciable amount, it follows that there should be a 
net gain in the ability of the materials in the ten-cyele 
eonficuration to shield arainst the gases rediation of the 
SOUrCO, 

The results of this investigation indleate that the 
materials in the ten-cycle configuration of tne shield are 
more effective in shielding acgainet cam raciation than they 
are in the one-cycle conficuration, 

The foregoing anelysis of tho curves of the sana 
absorption coefficients versa enerzy (6) expleina the 
éecrease in the intensity cf the samme radiation with 
inereased lamination, if the essumtion 14 wade that the 
gamaas produced in the cadmium are «nly a small fraction of 
the gamma radiation in the system, Althoum this is con- 
sidered to be a valid assuztion for this investigation, it 
will not necessarily be valid for other shielding problems, 
For this reason, those renvits cannot be extenced to other 
shielding materials or other sources of radiation without a 
complete analysis of the system, 
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C. Supplomentary Meutron Counts 


The lower~half of the lead ball shown in Pigure 7 was 
surrounded by peraffin, and it was believed that this could 
have been an additional factor which was not considered in 
the foregoing diacussion, There is a finite probability that 
some of the nevtrons that enter this paraffin will be scat- 
tered throuch its upper surface «et angles such that they will 
enter the shield throuch the ed;esn of the shielding materials, 
and there will be a difference in the counts recorded due to 
these scattored neutrons, This difference will be due to the 
geometrical arransement of the cadmium in the shield, which 
will capture a greater percenta:e cf theso neutrons in the 
ten-cycle confisuration than in the one-cyele configuration, 

An additfonal experiment was perforsed to determine the 
neutron counting rate with the edves of the shielding mater- 
fals protectod from these scattered neutrons. The description 
and the results of this experiment are listed in Appendix E, 

The available data are not adequate to allow a complete 
interpretation of these results, The total count, as plotted 
in Pigure 15, indicates that a maximum efficiency oceursa with 
the twoecycle configuration, If the previously obtained fast 
neutron counts were subtracted fron the total count to obtain 
the slow neutron count, these results would indicate that the 
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ciency occurring at the five-cycle confisuration, If the 
@ifferencoe in the scettering losses were included in either 
ef the two preceding interpretations, the results would 
indicate thet the aazsinum efficiency occurs at the two-cyole 
configuration and that there is very little difference in 
the efficiency of the five~ and the tenecycle configurations, 
It can be seen from these three possible interpretations that 
the data do not indicate conclusively the variation in effi- 
ciency of shielding as a function of lamination for the case 





in which the edees of the shielding saterials were enclosed 
in cadmium, 
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Ve. CONCLUSIONS 


The following conclusions appear to be justified for the 
shielding materials and source of radiation which were used 
in this investigation, 

1. For gemma radiation, fast neutrons, and slow 
neutrons, the ten-cyele confi suration of the shield was more 
effective than the oneecycle confisuration when the edzes of 
the shielding materials were not enclosed by cadmiun, 

2. The mocerating ability of the sthield {inereased an 
undetermined mnount as the desree of lamination was increased 
when the edres of the shieldines materials were not enclosed 
by cadmium, 

32 The degree of lamination hed little effect on the 
efficiency of the shield for the attenuation of neutrons with 
the edses of the shielding materials enclosed by cadmium, 
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VIII. APPENDICES 


Ae Operating Characteristics of the Neutron Detector 


Preliminary investications were aade to determine the 
operating characteristics of tho neutron detector, The ine 
formation available on tho counter used was not adequate to 
provide the operating voltase, the effects of the preampli- 
fier gain, and the relative sensitivity of the counter to 
neutrons in an area of both neutrons and gama radiation, 

A series of plateau eurveo (figure |;) were determined 
with a preamplifier gain of 0, 56, end 75. It was found 
that the plateau occurred at 603 volts reszardless of the 
preamplifier gain, but that the slove of the curve in the 
plateau region was «reater for a tain of 0 than for gains of 
56 and 75, This investigation showed that the operating 
voltage was 603 volts, thet the prem=mlifier gain should be 
between 56 and 75, and that a regulated voltage supply was 
reguired for the scaler circuit, 

Since the preamplifior hac a caximum gain ef 75 which 
occurred at a control setting cf BM on a 100 division seale, 
the preamplifier sain was computed by the formula: 


Preamplifior jyain = ja x Control Settings, 
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The variation in the counts recorded versus preamplifier 
gain (Figure 13) was investivated, and this variation was 
found to be linear for preemlifier gains between 10 and 70, 
Since the preamplifier gain was manually edjusted and ranained 
at a particular setting throughout the investigation, the 
variation cf gain cue to changes of the sain control was not 
a source of ecrror, Jince tho statistical accuracy is a 
fusetion of the counting rate and the countin; time, it was 
@ecided to use the maximm preamplifier gain of 75 to obtein 

The officiency of the neutron counter for combing 
gemme raciation was found to be necligible for james with 
enersios in the radium spectmm, A 10,02-ms,. radiim source 
was placed in contect with the BY itnec neutron counter tube 
and the countn recorded were the same, within statistical 
accuracy, as the background, Since the general shape of the 
curves fcr mass absorption coefficients versus fcazmsa enersy 
(6) show a decrease {n the probability of a reaction oceur- 
ring with gammas of enersies j;reater than the hishost enerszy 
gommaa in the radivm spectrum, it is believed that the above 
renults can be assimed to hold for the gama radiation for 
the neutron-cadmium reactions, Most of the ga@mas procuced 
in the neutron-cadmium reaction have enersies within the 
enersy spectrum of the radium sammasr, but there is some 
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possibility of @ Mey, cameas from thie reoactien (5), These 
8 Mov. gammas will have to penetrate from 4 to 5 in, of lead, 
and this will reduce their avera:;e oneries to approxinately 
the seme as the onorgy of the racium gamzas, 

An exporiment wan performed to determine the probable 
error induced by the arransement for positioning the cetector 
holder over the mautron source, In this experiment all 
variablos were held constant, and the detectcr holder was 
removed and replaced between readinzs, The probable orror 
was found to be approximately 80 counts in 20,000, which {fs 
approximately 0./; per cent. 

The operating characteristics of the PO ined neutron 
counter led to the conclusions that it was excellent fcr the 
Cetection of slow neutrons in this investiczation, The ono 
source of error which was present due to the use cf this 
detector was the possibility of slow neutrons leaking throush 
the cadmium inaide the detector holder, This source of error 
could be avoided by more careful desirn and construction of 
this cadmium shield, or by performing the investigation in an 
area far removed from any scattering materials other than 
those in the shield, The 2° 11ned neutron counter {is not 
easily adaptable for tho measurement cf fast nevtrons, The 
method used in this investi :ation, althouzh {t was considered 
adequate here, is not recommended as a stancard procedure to 


be used for future investigations, 
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B, Operating Characteristics of the Jeiser-Muller 
Tube anc the Jeneral Electric Radiation Monitor 


An experiment was perforned to determine whether or not 
the jeigereMuller tube and the Jeneral Electric Radiation 
Monitor were sensitive to neutrons, This experiment consisted 
of placing the dotectors in a fixed position with a }-in, 
sheet of lead between them and the source of radiation, The 
purpose cf this sheet of lead was to remove all radiation 
except gemmas and neutrons, The sources of radiation used 
were the 9l;.7-mg, radium-beryllium neutron source and a 10.02- 
ms. needle of pure radium, headings were taken with each of 
these sources in position with and without h¢ in, of paraf- 
fin between the source and detectors, In every case the pure 
radium source gave a hisher reading when the cbhserved reading 
were converted to a basie of one mg, of radium, This experi- 
ment indteated that both the Jeiger-Muller tube and the 
Jeneral Llectric ladiation Monitor were insensitive to both 
fast and slow neutrons, 

The Jeneral Electric Radiation Monitor had a listed 
calibration of *10 per cent. It was believed that this 
calibration could not be used to give a measure of the 
probable error in the use of this inetrument, since the 
probable error computed from thie valve would have beon 
greater than the variation in the gamma intensity for the 
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dtfforent configurations of the shielding materials, An 
experiment was performed to determine a more useable value 
of the probable error, A series of readinivs were taken with 
the Jeneral Flectric Radiation Monitor at a fixed distance 
from a 10,02-tig. needle cf pure radium, and the per cent 
probable error was computed from these readings in the 
following manner, 


Stendard Deviation (05 ) =\|= 





Probable Prror = 0,670, 
where? 
X is the average value of the individual readings, 
X, 18 the valve of the individual readings. 
His the mecsber cf readings. 


Por Cont Probable trror #& ee x 100, 


The per cent prebable error as defined above was con- 
puted for this series of readiness and its value was deter- 
mined to be lek. The probable error listed in Table 5 ine 
cludes both this errer and the assumed 0,1] mr, error in 
reading the scalo, 

Although the operating characteristics cf these deteso- 
tors incicated that they should have been excellent for the 
detection of gamma radiation in a combined fleld cf taamas 


and neutrons, there wero several limitations observed in 


oS Sis = = — </> 


a. * 





” © cpale Grmeytias tr. ote eee at 1 2 
oo eer re 
_ i TT ina at ee 











a= = ia yf eg » ie 
Ok AIM ss vey i 
ae tat ees CE ee Se? ber ee ee 
te ee etn WAT tke heyy i eure Lew oF belle 
“al & otéd) a) total. mow aimee OM Cr ee ee ee 
2 Gres eee Oe res OT Oe a wre bat 
" aie wt) puters 
Oetek ham? VO ee eee edie oer Qe 
=? DO Wotiaws Ge eee! Bee gel bel eto? ew 
ame DS Bled) Beriteem © af mitcdss ue) + oe rere? 
om! Correa am ttttal! Secor ew coe peered Pee 














46 


their use during this investigation, The jeiger-Muller tube 
counts only a very small fraction of the incident ga@zas, but 
the most severe limitation of the use of this detector is the 
conversion of the counts recorded intc other units normally 
used as the measure of the intensity of game radiation, 
However, the Jeiger-Muller tube is an effective instrument 
for making comparative measuremonts of the number of yanmas 
which penetrate different configurations of a shield, The 
Jeneral Flectric Sadiation Monitcr is not as accurate as some 
of the other fonization=-chamber type instruments, but Lite 
full scale deflection of twenty milliroentgens mace it de- 
sirable in this investisotion, Thies instrument is not recom- 
mended for the measurement of the intensity cf gowma racia- 
tion unless the intensity is so low that the use of other 
types of instruments would require unreasonably long irradcia- 
tion tices, 


Cc. ‘Teattering Losses 


An experiment was perfornred in an attempt to determine 
the effeeto of the degree of lemination on the scattering of 
neutrons throush the edses of the sahieldins materials, In 
this experiment the cadmium was removed from tho different 
configurations of the shield, and the court duo to neutrons 
of all onersies was observed, Sineo the fast neutrons under~ 


so fewor scattering collisions than the slow neutrons, and 
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since the neutron ceunter is much less effictiont for fast 
neutrons than for slow neutrons, it is logieal to assume that 
the obeerved scattering losses are primarily cue to slow 
noutrons. 

The counts observed in this experiment are listed in 
Table 6, If 1t could be assumed that the moderating ability 


Table 6 
Neutron Counts Without Cadmium In the Shield 






















sles of oe —_ Counting Rate (R) 
Materials (Minutes) R = : 
1 10 27258 2728.8 = 16.5 
10 28160 2816.0 * 16,8 
10 261;76 2647.8 > 16.3 
2h 2h2 2424.2 > 15,6 


10 10 





of the ahielding materials was not a functicn of the decree 
of lamination, the percentasce increase in soatterin;s losses 
between the one-cycle confisuration and the ten-cycle con- 
fizturation could be computod by: 


Pereentase Increase 
in Scattoring Losses 





The increase in scattering lossen computed by this method was 
founde to be 11.1 per cent, 








7 Te i 

+t aoe oA = a 
~ pic 2 ee ta or aie 
tan? ter Lae ~ » oar 





- <a — a 


reek aa? Ye nse eer, + Tom ie ine ee tetead ae Be 
ensael pamtie 4) coves! © kmuvn aor pedeantear So 
eT ee ee 

‘or (oorgeet of eae peepee 


ret « Ul i iaiy Meco, oedema, 


ce Ste ld > odes mem) hee ob reed eat] 
ees We {tl 24 ot feet 








h6 


Since it has been established that there was an increase 
fn the mocorating ability of the materials as a function of 
the degree of lemination, this observed value cf the percent- 
age increase in scattering losses 1a somewhat lower than the 
actual value, Duo to the shane of the neutron cross soction 
curves (Figure 10), it {s logieal to assume that this increase 
in the moderatin; ability cf the materials is relatively 
eeall, and consequently the increase of the actual over the 
computed value of the percentage inc:ease in scattering 
losses will be small. 


D, Ccamparison of the Ten-cycle Conf! ration 
With a Jiomoceneous Shield 


This experimert was perforsed by observing the total 
neutron eounts efter each cycle was added to the ten=cyole 
eonfiguration of the shield, The observed data are listed in 


Table 7. 
The value for the effective “ was determined by use of 
the equations: 
o/% . : - “xX 
I, = T,e i and Ip = Ie’ 2 
where: 


I, is the counts after one cycle. 
I, isa the counts after two cycles, 


I, is the counts without any shielding materials, 
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X, is the thickness of one cycle of materials, 

Xo 1s the thickness of two cycles of materiale, 

/“ 49 the effective absorption coefficient for the 

materials, 

This method was used to determine the value for the 
effective absorption coefficient for each cycle of shielding 
materials, The averaze value of these absorption coefficients 
was determined and used in the above equations to campute 
values of Ig. The average value of I, was determined and a 
theoretical plot was made, using the averase value of I, and 
the avera;se valve of the absorption ccefficient in the above 
equations (FPisuwre U;), The observed ceuntine rate was then 
plotted on the seme graph, and it can be seen that there is 
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Shielding Characteristics of the Ten- 
cycle Shield, 
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fair agreement between the two plots, with the observed data 
diverzins frea the theoretical plot at each end, 


E. Supplementary Neutron Counts 


An acdditfLonal experiment was porforaed to dotermine the 
effeots of the neutrons which were scattered into the shield 
by the paraffin rurroundins the lead ball shown in Figure 7, 
In this experiment a 0,Olj-in. sheet of cadmium was placed 
around the ehielding materials to capture the thermal 
neutrons that would have been scattered into the shield from 
the upper surface of the pareffin surrounding the lead bal) 
in the nource container, As an additionel precaution, 2) in, 
of paraffin was placed next to this cadmium The purpose of 
this additional paraffin was to increase the probability that 
neutrons which were scattered inte the cacmium surrounding 
the shielding; materials would have thermal eneryies and would 
be captured by the cacmium, 

The results of this experiment are listed in Table 38. A 
check wan mace to cetermine if the basic system used for this 
experimont was the seme aga it was in the provious experinent, 
This check was mace by taking readings cf the ne-tron counts 
without the additional cadmium and »oaraffin around the ed-ses 


of the shielding materials, which was the same arrangement as 
errangement 1 shown in Figure 7. These results indicated that 
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Table 8 
Neutron Count -= Corrested 

Gycles of | Counting Counts | Counting Rate (R) 
Shielding Tine sel = | 
Materials (Minutes) Time in Mimtes 

1 30 11650 338.3 2 3.6 

2 30 11421 380.7 = 3.6 

5 30 11994 399.8 = 326 

10 30 


11818 393.9 5 2.6 





the two systems were similar but were not identical, 

No experiments were ~erformed to determine the effects 
of those ecattored neutrons on the fast neutron count, 
Since there is a finite probability that neutrons of all 
energies will be scattered into the shield through the edges 
of the shielding materials, it ia logical to assume that 
these scattered neutrons will have some effect on the fast 
neutron counting rate, Since the two systeme were not 
identical, and since the effect of the scattered neutrons on 
the fast noutron count was not determined, no attempt was 
made to separate the total count into counts due to slow 
neutrons and counts cue to fast neutrons, The results of 
this experiment are plotted in Pigure 15, 

A second additional experiment was performed to determine 
the effects of tho degree of lamination on the scattering of 
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Figure 15. Supplementary neutron count, 
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Table 9 
Corrected Neutron Counts Without Cadmim in the Shield 
felding Tine Counts R = Cou , 2 = 
Materials (Minutes) me in Mf 
2 10 17576 1757.6 © 13.3 
2 10 22072 2207.2 > 1.8 
1 27862 2169.3 = 14.0 
10 


7 


21536 215%.6 = WT 





neutrons through the edces of the shielcing materials for 
this new system. In this experiment the cadmium was removod 
fron the different configurations of the shield, the cadaium 
sheot and the acditional paraffin was placed arounc the edzses 
of the shielding materials, and the counts due to neutrons of 
ell enersies were observed, The counts observed in this 
experiment are listed in Table 9, 
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*ffects of the degree of lemin- 
ation on the efficiency of radia- 
tion shielding. 
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